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INTRODUCTION 
World consumption of fertilizer nitrogen has increased at 
a phenomenal rate since World War II. It virtually tripled 
during the period I96I-7O (from 11.0 to 31*5 million metric 
tons) and it will continue to increase rapidly, "because the 
world's need for food and fiber cannot be met without greatly 
increased use of fertilizer nitrogen. This trend will result 
in increased levels of nitrogen in soils, natural waters, crop 
residues, and municipal and agricultural wastes, and there is 
increasing concern about its potential adverse effects on en­
vironmental quality and public health. Much of the extensive 
literature generated by this concern has been evaluated in 
recent special publications, such as those prepared by the 
Food and Agriculture Organization of the United Nations (1972) 
and the United States National Academy of Sciences (Committee 
on Nitrate Accumulation, 1972). Briefly, the concern is that 
more intensive use of fertilizer nitrogen will lead to in­
creased nitrate levels in ground and surface waters, and that 
this in turn will lead to increased eutrophication of lakes 
and streams and to health hazards to livestock and humans 
(particularly infants) through nitrate enrichment of drinking 
water. Also, there is concern that excessive nitrogen fer­
tilization will produce nitrate levels in vegetables and feed 
that are toxic to infants and livestock and may promote 
formation of cancer-producing nitrosamines in food (see Wolff 
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and V/assennan, 1972). 
One of the most attractive approaches to reducing the po­
tential environmental problems associated with the use of 
nitrogen fertilizers is to find compounds that will effec­
tively inhibit oxidation of ammonium to nitrate by the nitri­
fying organisms in soils. Many compounds have been shown to 
inhibit nitrification (for reviews, see Gasser, 1970; Hauck, 
1972; Hauck and Koshino, 1971; Prasad, Rajale and Lakhdive, 
1971). but no attempt has been made to compare the effective­
ness of the various compounds proposed as inhibitors of 
nitrification in soils, and very little is known about the 
factors affecting inhibition of nitrification by these 
compounds. 
Cooke (1969) has drawn attention to the growing impor­
tance of urea as a nitrogen fertilizer in world agriculture 
and to the need for research to reduce the problems encountered 
in use of this fertilizer. These problems arise largely from 
the rapid hydrolysis of urea to ammonium carbonate in most 
soils through urease activity and the concomitant rise in pH 
and liberation of ammonia. They include damage to germinating 
seedlings and young plants, nitrite toxicity and gaseous loss 
of urea N as ammonia (Gasser, 1964). Urea hydrolysis in soils 
produces conditions known to promote accumulation of nitrite 
during nitrification of ammonium (Aleem and Alexander, I96O; 
Alexander, I965), and there are indications (Clark, Beard and 
Smith, I96O; Broadbent and Clark, I965) that fertilizer N 
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added to soils in the form of urea may be particularly sus­
ceptible to gaseous loss through chemodenitrification (i.e., 
via chemical decomposition of nitrite formed by nitrification 
o f ammonium). 
One approach to reducing the problems associated with the 
use of urea as a fertilizer is to find compounds that will 
effectively retard oxidation of ammonium to nitrite in urea-
treated soils because such compounds should reduce the nitrite 
toxicity problems encountered in use of urea as a fertilizer 
and decrease the possibility of gaseous loss of urea N through 
chemodenitrification (or denitrification). This approach has 
received little attention, and no studies of the effects of 
nitrification inhibitors on urea hydrolysis, ammonia vola­
tilization, and nitrite and nitrate production in soils treated 
with urea have been reported. 
Another approach to reducing the problems associated with 
the use of urea as a nitrogen fertilizer is to find compounds 
that will effectively inhibit urease activity when applied to 
soils in conjunction with fertilizer urea. Recent work (Moe, 
1967; Tomlinson, 196?; Waid and Pugh, 1967; Anderson, 1969; 
Pugh and Waid, 1969a, 1969b; Sor, 1969; Bremner and Douglas, 
1971a, 1973; Bundy and Bremner, 1973c) has shown that several 
compounds (notably certain quinones and polyhydric phenols) 
can effectively retard conversion of urea to ammonium by soil 
urease, but no studies of the effects of these compounds on 
the conversion of ammonium to nitrate by the nitrifying 
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microorganisms in soils have been reported. Such studies are 
essential for assessment of the potential value of compounds 
proposed as soil urease inhibitors because compounds that can 
inhibit both urea hydrolysis and nitrification in soils have 
obvious potential for reduction of the contribution of fer­
tilizer urea to nitrate enrichment of water resources. 
Bremner and Douglas (1971a) recently evaluated more than 100 
organic and inorganic compounds as inhibitors of urease ac­
tivity in soils, including several compounds that have been 
patented as soil urease inhibitors. Their results indicated 
that, of the compounds thus far tested as soil urease in­
hibitors, 2,5-dimethyl-£-benzoquinone, 2,5-dichloro-2-
benzoquinone and 2,6-dichloro-£-benzoquinone are likely to 
prove the most effective for retardation of urea decomposition 
in soils. Their work also indicated the need for research to 
determine the influence of substituent groups on the effective­
ness of substituted £-benzoquinones as soil urease inhibitors 
because it showed that only three of the four substituted £-
benzoquinones studied in their work were effective soil urease 
inhibitors (2,5-dihydroxy-£-benzoquinone was relatively 
ineffective). 
The objectives of this investigation were; (a) to compare 
the effectiveness of a wide range of compounds proposed as 
inhibitors of nitrification in soils and to study some of the 
factors affecting inhibition of nitrification by these com­
pounds ; (b) to investigate the possibility that some of the 
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problems encountered in use of urea as a fertilizer might be 
reduced through use of nitrification inhibitors to retard 
nitrification of the ammonium formed b^  urea hydrolysis in 
soils; (c) to study the influence of different substituent 
groups on the effectiveness of substituted £-benzoquinones as 
inhibitors of urease activity in soils; (d) to study the 
effects of soil urease inhibitors on nitrification of ammonium 
in soils. 
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PART I. INHIBITION OF NITRIFICATION IN SOILS^  
P^ortions of Part I have been published in the Soil Sci­
ence Society of America Proceedings (1973) 396-398. 
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INTRODUCTION 
Recent concern about the environmental effects of inten­
sive use of nitrogen fertilizers has created widespread inter­
est in the possibility of reducing these effects through use 
of compounds that will inhibit nitrification of ammonium or 
ammonium-yielding fertilizers in soils and thereby reduce the 
contribution of fertilizer N to nitrate contamination of ground 
and surface waters. Numerous compounds have been tested as 
inhibitors of nitrification in soils, and several reviews of 
the literature on this subject have been published (Gasser, 
I97O; Hauck, 1972; Hauck and Koshino, 1971; Prasad, Rajale and 
Lakhdive, 1971). 
Although many investigations have been reported concerning 
the effectiveness of various compounds as soil nitrification 
inhibitors, most have involved studies with only one or two 
inhibitors, and they have differed so markedly in experimental 
conditions (soil type, soil temperature, form of nitrifiable 
N, level of inhibitor and nitrifiable N, etc.) that their re­
sults do not allow appraisal of the relative effectiveness of 
the various inhibitors proposed. 
The purpose of the work reported here was to compare the 
effectiveness of a wide range of compounds proposed as inhibi­
tors of nitrification in soils and to study the effects of 
temperature and form of nitrifiable N on inhibition of nitri­
fication by these compounds. The 24 compounds studied included 
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several that have been patented as nitrification inhibitors 
by U.S. and Japanese companies [e.g., N-Serve (Dow Chemical 
Co.), CL-I58O (American Cyanamid Co.), AM and ST (Toyo 
Koatsu Industries), and ATC (Ishahara Industries)]. 
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I.îATERIALS AND METHODS 
The soils used (Table 1) were surface (O-I5 cm) samples of 
Iowa soils. Before use, they were air-dried and crushed to 
pass a 2-mm screen. The analyses reported in Table 1 were 
performed as described by Bremner and Douglas (1971b). 
2-Chloro-6-(trichloromethyl)-pyridine (N-Serve) was ob­
tained from Dow Chemical Co., Midland, Michigan; 2-amino-4— 
chloro-6-methyl-pyrimidine (AM) from Toyo Koatsu Industries, 
Inc., Tokyo ; 2,4-diamino-6-trichloromethyl-s-triazine (CL-I58O) 
from American Cyanamid Co. , Princeton, New Jersey; sulfathia-
zole (ST) from Sigma Chemical Co., St. Louis, Missouri; and 4-
amino-l,2,4-triazole (ATC) and 3-mercapto-l,2,4-triazole from 
Aldrich Chemical Co., Inc., Milwaukee, Wisconsin. The other 
compounds evaluated as nitrification inhibitors were obtained 
from Fisher Scientific Co., Chicago, Illinois. 
The following procedure was used to study the effects of 
the nitrification inhibitors tested. Ten-gram samples of soil 
were placed in 8-oz (ça. 250-ml) French square bottles and 
treated with 1 ml of a solution containing 2 mg of ni tri fiable 
N (as ammonium sulfate or urea) and with 2 ml of water or 2 ml 
of a freshly prepared solution containing 50 îig/ml of the in­
hibitor under investigation. Water was then added to bring the 
soil-moisture content to 60 per cent of the water-holding ca­
pacity, and the bottles were fitted with aluminum foil caps hav­
ing a 1-mm diameter central hole and placed in an incubator main­
tained at 30°C or 15°C and 90 per cent relative humidity. After 
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Table 1. Analyses of soils 
-u Organic Total 
Soil type pH  ^ CEC carbon nitrogen Sand Clay 
fo-
Harps cl 7.6 38 5.02 0.405 24 34 
Webster cl 7.3 39 3.54 0.272 29 33 
Storden sad 7.2 18 1.65 0.135 55 21 
C^l, clay loam; sad, sandy clay loam. 
C^ation-exchange capacity (meg/100 g of soil). 
14 days (30°C experiments) or28 days (15°C experiments), dupli­
cate bottles were removed from the incubator, and their con­
tents were analyzed for ammonium N, nitrite N, and nitrate N 
as described by Bremner and Keeney (I966), The amount of 
(nitrate + nitrite)-N produced on incubation was calculated 
from the results of analyses for (nitrate + nitrite )-N before 
and after incubation, and the percentage inhibition of nitrifi­
cation by the test compound was calculated from (C-S)/C x 100, 
where S = amount of (nitrate + nitrite )-N produced in the soil 
sample treated with the test compound and C = amount of 
(nitrate + nitrite )-N produced in the control (no test compound 
added). None of the unincubated or incubated soil samples 
analyzed contained more than 5 ppm of nitrite N. The times 
selected for incubation at 30°C and 15®C were such that no 
ammonium could be detected after incubation of the urea- or 
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ammonium sulfate-amended soil samples that had not been 
treated with a nitrification inhibitor. Preliminary studies 
showed that soil samples incubated as described did not lose 
more than 0.2 g of water during the 14-day (30°C) or 28-day 
(15°C) incubation periods. 
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RESULTS AND DISCUSSION 
Table 2 shows the results obtained with 14 of the 24 
inhibitors studied in a comparison of the effects of 10 ppm 
of these inhibitors on nitrification in three soils incubated 
at 30°C for 14 days after treatment with 200 ppm of N as 
ammonium sulfate. The results obtained with the other 10 com­
pounds studied (gallic acid, cysteine, cystine, methionine, 
methionine sulfone, methionine sulfoxide, ethionine, thiourea, 
1-allyl-2-thiourea, and 2-mercapto-benzothiazole) are not re-
pozrted in Table 2 because none of these compounds had a sig­
nificant effect on nitrification under the conditions studied 
(the percentage inhibition of nitrification obtained with 
these compounds ranged from 0 to 4^ ). 
The data in Table 2 show that, with the soils used, the 
average effectiveness of the most potent nitrification in­
hibitors decreased in the order; 2-chloro-6-(trichloromethyi)-
pyridine (N-Serve) > 4-amino-l,2,4-triazole (ATC) > sodium or 
potassium azide > 2,4-diamino-6-trichloromethyl-s-triazine 
(CL-I58O) > di cyandi ami de > 3-chloroacetanilide > 1-amidino-
2-thiourea > 2,5-dichloroaniline > phenyImercuric acetate > 
3-mercapto-l,2,4-triazole or 2-amino-4-chloro-6-methyl-
pyrimidine (AM) > sulfathiazole (ST) > sodium diethyldithio-
carbamate. 
Previous work in our laboratory (L. G. Bundy, L. A. 
Douglas, and J. M. Bremner, unpublished data) showed that the 
Table 2. Effects of various nitrification inhibitors on nitrification of ammonium 
N added to soils (30®C)^  
9^  inhibition of nitrification (l4 days) 
Harps 
soilb 
Webster Storden 
Inhibitor soil soil Average 
2-Chloro-6-(trichloromethy1)-pyridine 69 (91) 80 97 82 
4-Amino-l,2,4-triazole 66 (82) 76 92 78 
Sodium azide 58 (64) 72 94 75 
Potassium azide 56 (63) 72 94 74 
2,4-Diamino-6-trichloromethyl-s-triazine 36 (79) 63 97 65 
Dicyandiamide 20 (46) 64 76 53 
3-Ghloroacetanilide 16 (58 23 93 44 
l-Amidino-2-thiourea 4 (62) 43 74 41 
2,5-Dichloroaniline 5 38 72 38 
Phenylmercuric acetate 1 (26) 31 69 34 
3-Mercapto-l,2,4-triazole 6 26 64 32 
2-Amino-4-chloro-6-methyl-pyrimidine 0 (30) 22 69 31 
Sulfathiazole 0 (17) 23 39 20 
Sodium diethyldithiocarbamate 0 19 18 12 
*8oil samples were treated with 200 ppm of N as ammonium sulfate and with 10 
ppm of inhibitor, 
F^igures in parentheses are results obtained when 5 g of Harps soil mixed with 
5 g of sand (30-60 mesh) were used instead of 10 g of Harps soil. 
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effectiveness of N-Serve and other compounds proposed as in­
hibitors of nitrification in soil depends greatly upon the 
soil studied and that these compounds are most effective with 
light-textured soils. These observations are confirmed by 
Table 2, which shows that the inhibitors studied were con­
siderably more effective with the Storden soil (55% sand, 21# 
clay) than with the Webster soil (29^  sand, 335^  clay) or the 
Harps soil (24^  sand, 34^  clay). Further evidence that soil 
texture has an important influence on the effectiveness of 
nitrification inhibitors is provided by the data in Table 2 
showing that the effects of these compounds on nitrification 
in sand-amended Harps soil were much greater than the effects 
observed with the unamended soil (preliminary experiments 
showed that the amount of nitrate produced by incubation of 
the s and-amended soil with ammonium sulfate for 2 weeks at 
30°C was the same as the amount produced by incubation of the 
unamended soil with ammonium sulfate). It should be pointed 
out, however, that the unamended Harps soil contained twice 
as much organic matter as the sand-amended soil and that this 
may at least partly account for the greater effectiveness of 
the nitrification inhibitors with the sand-amended soil. 
Goring (1962) showed that the effectiveness of N-Serve varied 
markedly with the soil studied and that as little as 0.2 ppm 
of N-Serve added to a sandy loam soil (.65% sand) treated with 
200 ppm of ammonium N caused more than 75^  inhibition of 
nitrification when this soil was incubated at 21®C for 4 weeks. 
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Table 3 shows the results of experiments to determine the 
effects of various nitrification inhibitors on nitrification of 
ammonium in soils at 15°C. These experiments differed from 
those reported in Table 2 only in that incubation was performed 
at 15°C instead of 30°C and for 28 days instead of 14 days 
(preliminary experiments showed that 200 ppm of ammonium N 
added to the soils used was not nitrified completely by incuba­
tion for 14 days at 15°C).' It is evident from comparison of 
the data in Tables 2 and 3 that all the nitrification inhibi­
tors studied were more effective at 15°C than at 30°C and that 
temperature also influenced the relative effectiveness of these 
compounds. For example, N-Serve [2-chloro-6-(trichloromethyl)-
pyridine] was more effective than ATC (4-amino-l,2,4-triazole) 
at 30°C (Table 2) but was less effective than ATC at 15°C 
(Table 3). Several inhibitors were much more effective at 15°C 
than at 30°C (e.g., 3-chloroacetanilide, 3-®ercapto-l,2,4-
triazole, and 2-amino-4-chloro-6-methyl-pyrimidine ). Addi­
tional evidence that the effectiveness of nitrification in­
hibitors is affected by soil temperature was provided by 
previous work showing that N-Serve is more effective at 10°C 
than at 32°C (Goring, 1962) and that potassium azide is more 
effective at 10°C than at 30°C (Hughes and Welch, 1970). 
Table 4 shows the results of a study of the effects of 
various nitrification inhibitors on nitrification in soils 
treated with urea. This study differed from that reported in 
Table 2 only in that the soils used were treated with 200 ppm 
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Table 3- Effects of various nitrification inhibitors on 
nitrification of ammonium N added to soils (I5 C) 
% inhibition of 
nitrification 
(28 days) 
Harps Webster 
Inhibitor soil soil 
2-Chloro-6-(trichloromethyl)-pyridine 87 89 
4-Amino-1,2,4-triazole 95 92 
Sodium azide 62 88 
Potassium azide 61 8? 
2,4-Diamino-6-trichlo romethy1-s-1riazine 46 80 
Dicyandiamide 69 71 
3 -C hlo ro acet ani li de 65 54 
1-Ami dino - 2 -1 hi oure a 67 46 
2,5-Dichloroaniline 13 57 
Phenylmercuric acetate 5 51 
3-Mercapto-l,2,4-triazole 55 57 
2-Amino-4-chloro-6-methy1-pyrimidine 32 50 
Sulfathiazole 14 25 
Sodium diethyldithiocarbamate 24 36 
o^il samples were treated with 200 ppm of N as ammonium 
sulfate and with 10 ppm of inhibitor. 
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Table 4. Effects of various nitrification inhibitors on 
nitrification of urea N added to soils (30 C)^  
fo inhibition of 
nitrification 
(14 days) 
Inhibitor 
Harps 
soil 
Webster 
soil 
2-Chloro-6-(trichloromethyl)-pyridine 74 94 
4-Amino-l,2,4-triazole 39 60 
Sodium azide 34 49 
Potassium azide 35 54 
2,4-Diamino-6-trichloromethyl-s-triazine 21 69 
Dicyandiamide 0 27 
3-Chloroacetanilide 2 17 
l-Amidino-2-thiourea 0 17 
2,5-Dichloroaniline 0 5 
Phenylmercuric acetate 2 38 
3-Mercapto-l,2,4-triazole 2 20 
2 - Ami no - 4-c hlo ix) - 6-me t hy 1-py rimi dine 0 29 
Sulfathiazole 0 7 
Sodium diethyldithiocarbamate 0 0 
o^il samples were treated with 200 ppm of N as urea and 
with 10 ppm of inhibitor. 
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of N as urea instead of 200 ppm of N as ammonium sulfate. 
Comparison of the data in Tables 2 and 4 shows that, although 
some of the inhibitors (e.g., N-Serve) were more effective 
with urea than with ammonium sulfate, most were considerably 
less effective. The differences in the results obtained with 
urea and ammonium sulfate cannot be attributed to the effects 
of the inhibitors studied on the conversion of urea N to 
ammonium N by soil urease because, in work to be reported else­
where , we have found that none of these inhibitors significant­
ly affect urea hydrolysis in soils when applied at the rate of 
10 ppm of soil (see also Bremner and Douglas, 1971a). A 
possible explanation of these differences is that hydrolysis 
of urea by soil urease increases the soil pH and that pH has 
a significant effect upon the effectiveness of different com­
pounds as inhibitors of nitrification in soils. 
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SUMMARY AND CONCLUSIONS 
The effectiveness of 24 compounds proposed as inhibitors 
of nitrification in soils was studied by determining the 
effects of 10 ppm (soil basis) of each compound on the amounts 
of nitrate and nitrite produced when soils treated with ammoni­
um sulfate (200 ppm of ammonium N) were incubated at 30°C for 
14 days. With the soils used, the average effectiveness of 
the most potent inhibitors decreased in the order: 2-chloro-
6-(trichloromethyl)-pyridine (N-Serve) > 4-amino-1,2,4-triazole 
(ATC) > sodium or potassium azide > 2,4-diamino-6-trichloro-
methyl-s-triazine (CL 1580) > dicyandiamide > 3-chloroacetani-
lide > l-amidino-2-thiourea > 2,5-dichloroaniline > 
phenylmercuric acetate > 3-mercapto-l,2,4-triazole or 2-amino-
4-chloro-6-methy1-pyrimidine (AM) > sulfathiazole (ST) > 
sodium diethyldithiocarbamate. The other compounds tested 
(gallic acid, cysteine, cystine, methionine, methionine 
sulfoxide, methionine sulfone, ethionine, thiourea, 1-allyl-
2-thiourea, and 2-mercapto-benzothiazole) had little or no 
effect on nitrification of ammonium in soils under the con­
ditions studied. 
The effectiveness of the inhibitors studied was markedly 
affected by soil type, soil temperature and substitution of 
urea for ammonium sulfate as the source of nitrifiable nitro­
gen. Most of the inhibitors were considerably more effective 
at 15°C than at 30°C. 
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PART II. EFFECTS OF NITRIFICATION INHIBITORS ON 
TRANSFORI/LATIONS OF UREA NITROGEN IN SOILS 
21 
INTRODUCTION 
Cooke (1969) has drawn attention to the growing impor­
tance of urea as a nitrogen fertilizer in world agriculture 
and to the need for research to reduce the problems encountered 
in use of this fertilizer. These problems, which include 
damage to seedlings and young plants, nitrite toxicity, and 
gaseous loss of urea N as ammonia (see Gasser, 1964), arise 
largely from the rapid hydrolysis of urea to ammonium carbon­
ate in most soils through urease activity and the concomitant 
rise in pH and accumulation of ammonium. Besides promoting 
gaseous loss of urea N as ammonia, the combination of high 
ammonium level and high pH resulting from this hydrolysis 
retards microbial oxidation of nitrite to nitrate (Aleem and 
Alexander, I96O; Alexander, I965), and the tendency of urea-
treated soils to accumulate nitrite coupled with the detection 
of substantial "nitrogen deficits" in studies of the fate of 
urea N in soils have indicated that fertilizer N added to 
soils as urea is particularly susceptible to gaseous loss 
through chemodenitrification; i.e., via chemical decomposition 
of nitrite formed by nitrification of ammonium in soils (Clark, 
Beard, and Smith, I96O; Broadbent and Clark, 19^ 5; Broadbent 
and Stevenson, I966). 
The main purpose of the work reported here was to investi­
gate the possibility that some of the problems encountered in 
use of urea as a fertilizer might be reduced through use of 
22 
nitrification inhibitors to retard nitrification of the am­
monium formed by urea hydrolysis in soils. If nitrification 
inhibitors effectively retard oxidation of this ammonium to 
nitrite, they should reduce the nitrite toxicity problems 
associated with the use of urea and decrease the possibility 
of gaseous loss of urea K through chemodenitrification or de-
nitrification. However, use of nitrification inhibitors to 
retard nitrification of ammonium in soils treated with urea 
may promote gaseous loss of urea K as ammonia (Hauck and 
Bremner, I969), and this possibility has been studied in the 
work reported here. The three nitrification inhibitors used 
in this work (N-Serve, ATC, and CL-I58O) were those found most 
effective in a recent comparison of the effectiveness of com­
pounds patented as inhibitors of nitrification in soils (Bundy 
and Bremner, 1973a)' N-Serve is 2-chloro-6-(trichloromethyl)-
pyridine (patented by Dow Chemical Co., Midland, Michigan), 
ATC is 4-amino-l,2,4-triazole (patented by Ishihara Industries, 
Japan), and CL-I58O is 2,4-diamino-6-trichloromethyl-8-triazine 
(patented by American Cyanamid Co., Princeton, New Jersey). 
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MATERIALS AND METHODS 
The soils used (Table 5) were surface (O-I5 cm) samples 
of Iowa soils. Before use, they were air dried and crushed to 
pass a 2-mm screen. The analyses reported in Table 5 were 
performed as described by Bremner and Douglas (1971b). 
Table 5« Analyses of soils 
Organic Total 
Soil type pH carbon nitrogen Sand Clay 
Harps cl 7.9 3.49 0.335 27 33 
Storden sad 7.2 1.65 0.135 55 21 
Webster cl 6.8 2.92 0.262 34 30 
0^1, clay loam; sad, sandy clay loam. 
2-Chloro-6-(trichloromethyl)-pyridine (N-Serve) was ob­
tained from Dow Chemical Co., Midland, Michigan; 4-amino-1,2, 
4-triazole (ATC) from Aldrich Chemical Co. , Milwaukee, Wiscon­
sin; and 2,4-diamino-6-trichloromethyl-s-triazine (CL-I58O) 
from American Cyanamid Co., Princeton, New Jersey. All other 
compounds used were obtained from Fisher Scientific Co., 
Chicago, Illinois. 
The following procedure was used to study the effects of 
nitrification inhibitors on urea N transformations in soils. 
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Ten-gram samples of soil were placed in 8-oz (ça. 250-ml) 
French square bottles and treated with 1 ml of a urea solution 
containing 4 mg of urea N/ml and with 2 ml of water or 2 ml of 
water containing 100, 2^ 0 or ^ 00 pg of the nitrification in­
hibitor under investigation. Water was then added to bring the 
soil moisture content to 60 per cent of the water-holding 
capacity (WHO), and the bottles were fitted with an aeration 
device and placed in an incubator maintained at 30°C and 90 
per cent relative humidity (for a description of the aeration 
device, see Bremner and Douglas, 1971b). The trap (vial) of 
the aeration device contained 5 ml of O.IM KMnO^ ;^ 0.25M HgSOji^  
(Bundy and Bremner, 1973b) for absorption of ammonia, nitric 
oxide, and nitrogen dioxide evolved on incubation of the soil 
samples. After various times up to 21 days, duplicate bottles 
were removed from the incubator, and the contents of their 
acid permanganate traps were analyzed for ammonium N and 
nitrate N as described by Bundy and Bremner (1973b). The 
incubated soil samples were treated with sufficient water to 
bring their water content to 25 ml, and the pK values of the 
suspensions obtained by stirring the soil-water mixtures for 
15 minutes were determined by a glass electrode (soil/water 
ratio, 1:2.5). Each suspension was then treated with 25 ml of 
water containing 250 jLig of phenylmercuric acetate (a urease 
inhibitor) and with 50 ml of 4M KCl, and the mixture was 
shaken for 1 hour and filtered (Whatman No. 42 filter paper). 
The soil extract thus obtained was analyzed for urea N by a 
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diacetyl monoxime colorimetrie procedure (Douglas and Bremner, 
1970), for ammonium N and (nitrate + nitriteby steam dis­
tillation techniques (Bremner and Keeney, I966), and for 
nitrite N by a modified Griess-Ilosvay method (Bremner, I965). 
Preliminary work showed that the aeration device used in 
these soil incubation experiments permitted incubation under 
aerobic conditions without significant loss of water and that 
its acid permanganate trap effected quantitative recovery of 
ammonia evolved during incubation. 
The percentage inhibition of urea hydrolysis by the 
nitrification inhibitors studied was calculated from (A-B)/ 
(C-B) X 100, where A = amount of urea found after incubation 
of the soil sample treated with test compound, B = amount of 
urea found after incubation of the control (no test compound 
added) and C = amount of urea added. The percentage inhibi­
tion of nitrification by the inhibitors studied was calculated 
from (C-S)/C x 100, where S = amount of (nitrate + nitrite)-N 
produced in the soil sample treated with test compound and C = 
amount of (nitrate + nitrite)-N produced in the control (no 
test compound added). The amount of (nitrate + nitrite)-N 
produced on incubation was calculated from the results of 
analyses for (nitrate + nitrite)-N before and after incubation. 
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RESULTS, AND DISCUSSION 
Figures 1-3 and Table 6 show the results obtained in 
studies of the effects of N-Serve, ATC, and CL-lfSO on urea 
hydrolysis, ammonia volatilization, and ammonium and (nitrite 
+ nitrate) production when the soils studied were incubated 
under aerobic conditions after treatment with urea (400 pg of 
urea N/g of soil). It is evident that these compounds had 
very little, if any, effect on urea hydrolysis, but that they 
retarded nitrification of the ammonium produced by urea hy­
drolysis and increased gaseous loss of urea N as ammonia. 
N-Serve had no effect on urea hydrolysis when applied at 
the rate of 10 ]ig/g of soil, ATC and CL-1580 applied at the 
same rate slightly reduced the amount of urea hydrolyzed in 
12 or 24 hours, but, with all three soils, urea hydrolysis 
was complete in 3 days in the presence or absence of these 
inhibitors. The only previous work related to the effects of 
nitrification inhibitors on urea hydrolysis in soils seems to 
be work by Goring (1962) indicating that N-Serve applied at the 
rate of 10 ?ag/g of soil did not prevent conversion of urea to 
ammonium when a urea-treated sandy soil was incubated for 4, 
8 or 12 weeks. 
Table 6 shows that, with one exception (CL-1580, Harps 
soil), the three inhibitors studied caused more than 60 per 
cent inhibition of nitrification in soils incubated with urea 
for 14 days. It also shows that these inhibitors markedly 
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Figure 1. Effects of nitrification inhi^ bitors (10 ]ig of in­
hibit or/g of soil) on nitrogen transformations in 
Harps soil incubated (30 C, 60fo WHO) for various 
times after treatment with urea (400 pg of urea N/ 
g of soil) 
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Figure 2. Effects of nitrification inhibitors (10 pg of in-
hibitor/g of soil) on nitrogen transformations in 
Webster soil incubated (30°C, 60^  WHC) for various 
times after treatment with urea (400 wg of urea 
N/g of soil) 
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Figure 3. Effects of nitrification inhibitors (10 ug of in-
hibitor/g of soil) on nitrogen transformations in 
Storden soil incubated (30°C, 60% WHC) for various 
times after treatment with urea (400 ug of urea K/ 
g of soil) 
Table 6. Effects of nitrification inhibitors on urea hydrolysis and nitrification 
in soils treated with urea and on gaseous loss of nitrogen as ammonia 
from urea-treated soils®-
Soil Inhibitor 
Amount of 
inhibitor 
(Ug/g of 
soil) 
fo inhibition of 
urea hydrolysis 
0.5 
day 
1 
day 
3 
days 
fo inhibition 
of 
nitrification 
( 14 days) 
Gaseous 
loss of 
N as 
ammonia , 
in 14 days 
Harps None — — - - - — — 4 
N-Serve 10 0 0 0 87 17 
ATC 10 2 0 0 64 13 
CL-1580 10 2 0 0 18 9 
Webster None w. 3 
N-Serve 10 0 0 0 91 11 
ATC 10 2 3 0 84 9 
ATC 25 3 5 0 93 10 
ATC 50 5 8 0 98 10 
CL-1580 10 4 3 0 70 7 
Storden None 9 
N-Serve 10 0 0 0 94 34 
ATC 10 7 0 0 92 30 
GL-1580 10 7 0 0 88 28 
10-g samples of soil treated with 4 mg of N as urea and with 0, 100, 250, or 
500 wg of nitrification inhibitor were incubated (30°G, 60% WHO) in 8-oz French 
square bottles fitted with an aeration device having an acid permanganate trap for 
absorption of Nll^ , NO, and NOg. 
C^alculated as fo of urea N added. 
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increased gaseous loss of urea N as ammonia and that their 
effect on ammonia volatilization increased with increase in 
their ability to retard nitrification of the ammonium pro­
duced by urea hydrolysis (N-Serve > ATC > CL-I58O). Increas­
ing the amount of ATC applied to the Webster soil from 10 }ig/g 
of soil to 25 or 50 P-ë/ë of soil appreciably increased the 
percentage inhibition of nitrification observed after 14 days, 
but did not have a significant effect on urea hydrolysis or 
volatilization of urea N as ammonia. The low water solubility 
of N-Serve and CL-I58O prevented similar studies using 25 or 50 
pg of these inhibitors/g of soil. 
Nitrate analyses of the acid permanganate vials used in 
our experiments to trap NH^ , NO and NO^  evolved on incubation 
of urea-treated soils showed that the (NO + N02)-N evolved in 
the presence or absence of nitrification inhibitors did not 
represent more than 1.5 per cent of the N added as urea and 
usually accounted for less than 0.3 per cent of this N. 
Failure to detect evolution of substantial amounts of NO or 
NO2 is an indication that very little loss of urea N occurred 
through chemodenitrification in the experiments reported be­
cause previous work in our laboratory (Bremner and Nelson, 
1968; Nelson and Bremner, 1970) showed that a substantial 
amount of the nitrite N volatilized throu^  chemical decomposi­
tion of nitrite in soils is in the form of NO or NOg. 
Table ? shows the effects of N-Serve, ATC and CL-I58O on 
nitrite accumulation in urea-treated samples of the Harps, 
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Table ?. Effects of nitrification inhibitors on nitrite 
accumulation in soils treated with urea®-
Maximum amount of nitrite 
detected during 21-day 
incubation period (pg . 
Soil Inhibitor of nitrite N/g of soil) 
Harps None 165 (6) 
N-Serve 0 
ATC 0 
CL-1580 12 (8) 
Webster None 9 (2) 
N-Serve 0 
ATC 0 
CL-1580 0 
Storden None 174 (8) 
N-Serve 0 
ATC 0 
CL-1530 2 (8) 
10-g samples of soil treated with 4 mg of N as urea and 
with 0 or 100 ug of nitrification inhibitor specified were 
analyzed for nitrite N after incubation (30°C, 60% WHO) for 
0, 2, 4, 6, 8, 10, 12, 14, 16, 18, and 21 days. 
F^igure in.parentheses indicates time (in days) at which 
maximum nitrite accumulation was observed. 
Webster and Storden soils, and Table 8 shows the effect of N-
Serve on nitrite and nitrate formation and on pH changes when 
two of these soils (Harps and Storden) were incubated for 
various times after treatment with urea. 
Table 7 shows that the Harps and Storden soils accumulated 
substantial amounts of nitrite (>l60 ]xg of nitrite N/g of soil) 
when incubated with urea and that nitrite formation in these 
soils was completely eliminated by additi'^ n of N-Serve or ATC 
Table 8. Effect of N-Serve on nitrite and nitrate formation and on changes in 
soil pH in soils treated with urea^ 
Nitrite N in soil Nitrate N in soil 
(uk/k of soil) (uk/k of soil) Soil pH 
Time With Without With Without With Without 
Soil (days) N-Serve N-Serve N-Serve N-Serve N-Serve N-Serve 
Harps 0 0 0 3 3 7.9 7.9 
2 0 34 21 38 8.2 7.8 
4 0 117 24 85 8.2 7.3 
6 0 165 30 122 8.1 7.0 
8 0 84 35 214 8.1 7.1 
10 0 17 37 292 8.0 7.1 
12 0 0 39 315 8.0 7.2 
14 0 0 44 323 7.9 7.2 
21 0 0 78 341 7.8 7.2 
Storden 0 0 0 • 10 10 7.2 7.2 
2 0 14 19 28 8.2 8.0 
4 0 96 20 41 8.2 7.3 
6 0 166 21 73 8.2 6.3 
8 0 174 21 97 8.1 6.2 
10 0 157 21 124 8.0 6.1 
12 0 150 23 142 8.0 6.2 
14 0 121 24 172 8. 0 6.2 
21 0 6 57 306 7.5 6.2 
^10-g samples of soil treated with 4 mg of N as urea and with 0 or 100 pg of 
N-Serve were incubated (30 G, 60^ WHG) for times specified. 
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and greatly reduced by addition of CL-I58O (all three in­
hibitors prevented formation of nitrite in the Webster soil). 
Table 8 shows that, besides eliminating nitrite accumula­
tion, N-Serve greatly retarded nitrate formation and signifi­
cantly affected pH changes in urea-treated samples of the 
Harps and Storden soils. It also shows that the decreases in 
nitrite N observed following accumulation of nitrite in urea-
treated samples of these soils were accompanied by increases 
in nitrate N and that gain of N as nitrate always exceeded loss 
of N as nitrite. In other words, the analyses reported in 
Table 8 provided no indication of gaseous loss of N through 
chemical decomposition of nitrite following accumulation of 
nitrite in the Harps and Storden soils. 
The data in Figures 1-3 and Tables 6-8 indicate that N-
Serve and other nitrification inhibitors may prove valuable 
for control of the nitrite toxicity problems encountered in 
use of urea as a fertilizer and for reduction of the contribu­
tion of fertilizer urea to nitrate enrichment of ground and 
surface waters, but that application of these inhibitors in 
conjunction with fertilizer urea may promote gaseous loss of 
urea N as ammonia. 
As noted in the Introduction, previous studies of the 
fate of urea N in soils have suggested that significant gase­
ous loss of urea N can occur through chemical decomposition of 
nitrite produced by nitrification of the ammonium formed by 
urea hydrolysis in soils. The idea that fertilizer N added to 
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soils as urea may be particularly susceptible to gaseous loss 
through chemodenitrification originated largely from work by 
Soulides and Clark (I958) and by Clark et al. (I96O), who ob­
served substantial nitrogen deficits after incubation of urea-
treated soils under aerobic conditions for 2 or more weeks. 
These nitrogen deficits were calculated from X-(Y-Z), where 
= amount of urea N added to the soil before incubation, Y = 
amount of (exchangeable ammonium + nitrate + nitrite)-N in the 
urea-treated soil after incubation, and Z = amount of (ex­
changeable ammonium + nitrate + nitrite)-N in the incubated 
control (no urea added). Both Soulides and Clark (I958) and 
Clark et al. (I96O) noted that the nitrogen deficits observed 
in their work were greatest for urea-treated soils that accumu­
lated nitrite during incubation, and Clark et al. (i960) con­
cluded that these deficits were primarily due to gaseous 
loss of N through chemical decomposition of this nitrite (i.e., 
chemodenitrification). 
Table 9 shows the nitrogen deficits observed in our work 
after incubation of urea-treated soils for 2 weeks. The 
deficit A column shows the nitrogen deficits calculated as 
described by Clark et al. (I96O), and the deficit B column 
shows the nitrogen deficits observed when allowance was made 
for N recovered as ammonia. Clark et al. (i960) did not de­
scribe, or report the results of, experiments to determine 
gaseous loss of N as ammonia in their work. They stated, 
however, that ammonia evolved from some of their soils "bore 
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Table 9» Nitrogen deficits after incubation of urea-treated 
soils for 14 days in the presence and absence of 
nitrification inhibitors^  
Soil Inhibitor 
Amount of 
inhibitor 
(lig/g of soil) 
Nitrogen deficit 
(Uff of N/g of soil) 
A^  
Harps None _ _  112 95 
N-Serve 10 163 94 
ATC 10 148 98 
CL-I58O 10 128 94 
Webster None 84 72 
N-Serve 10 120 78 
ATC 10 107 72 
ATC 25 116 78 
ATC 50 118 79 
CL-I58O 10 105 77 
Storden None mm 119 84 
N-Serve 10 226 91 
ATC 10 203 85 
C3L-1580 10 198 87 
10-g samples of soil treated with 4 mg of N as urea and 
with 0, 100, 250 or ^ 00 ^ g of nitrification inhibitor were in­
cubated (30°C, 60% WHC) for 14 days in 8-oz French square 
bottles fitted with an aeration device having an acid trap for 
absorption of ammonia evolved. 
= X-(Y-Z), where X = amount of urea N added (400 pg 
of N/g of soil), Y = amount of (exchangeable ammonium + nitrate 
+ nitrite )-N in urea-treated soil after 14 days (iig of N/g of 
soil) and Z = amount of (exchangeable ammonum + nitrate + 
nitrite)-N (pig of N/g of soil) in incubated control (no urea 
added) after 14 days (Clark et al., I96O). 
= A minus amount of ammonia N evolved (pg/g of soil) 
on incubation of urea-treated soil for 14 days. 
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no constant relationship to, and failed to account for, the 
total nitrogen deficit that developed during incubation". Our 
results support the conclusion that gaseous loss of N as am­
monia does not account for the total nitrogen deficit as cal­
culated by these workers, but comparison of deficits A and B 
in Table 9 shows that an appreciable proportion (14-30^ ) of 
the nitrogen deficits we observed in the absence of nitrifica­
tion inhibitors could be accounted for as ammonia N. Also, 
Table 9 shows that, when allowance was made for gaseous loss 
of N as ammonia, the nitrogen deficits observed in the presence 
of nitrification inhibitors were usually slightly larger than 
those observed in the absence of these inhibitors. This seems 
unequivocal evidence that the nitrogen deficits we observed 
after incubation of urea-treated soils in the absence of 
nitrification inhibitors were not largely due to chemode-
nitrification because, if chemodenitrification contributed 
significantly to these nitrogen deficits, the deficits should 
have been much smaller in the presence than the absence of 
N-Serve, ATC or CL-I58O (Table ? shows that these nitrifica­
tion inhibitors eliminated or greatly reduced accumulation of 
the nitrite required for gaseous loss of N through chemo­
denitrification). The conclusion that very little, if any, 
chemidenitrification of urea N occurred in our experiments is 
supported by our failure to detect evolution of significant 
amounts of NO or NOg and by our finding that, althou^ i two of 
the soils used in our work accumulated substantial amounts of 
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nitrite when incubated with urea, gain of N as nitrate follow­
ing nitrite accumulation in these soils always exceeded loss 
of N as nitrite (Table 8). 
Figures 1-3 show that, when the soils used in our work 
were incubated after treatment with urea, the amount of N 
found as (urea + exchangeable ammonium + nitrate + nitrite + 
ammonia}-N after incubation of each soil for 12 hours was 
substantially smaller than the corresponding amount before 
incubation of the urea-treated soil, and was not much greater 
than the corresponding amount after 14 days. This is another 
indication that the nitrogen deficits observed in our experi­
ments were not largely due to chemodenitrification because 
almost all of the N found after incubation for 12 hours was in 
the form of urea and exchangeable ammonium (nitrate and nitrite 
accounted for only 3-5^  of this N). Since incubation of urea-
treated soils leads to formation of substantial amounts of 
ammonium within a few hours, we investigated the possibility 
that the nitrogen deficits observed after 12 hours might be due 
to fixation of some of the ammonium produced by urea hydroly­
sis. The results (Table 10) support the conclusion that 
these deficits are at least partly due to ammonium fixation. 
Clark et al. (I96O) did not study the ability of their soils 
to fix ammonium and seem to have ignored the possibility that 
fixation of ammonium contributed to the nitrogen deficits 
observed in their work. 
There seems to be no possibility that denitrification 
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Table 10. Nitrogen deficits after incubation of urea-treated 
soils for 12 hours and capacities of soils for 
fixation of ammonium N in 12 hours 
Soil 
Harps 
Webster 
Storden 
Nitrogen deficit 
after 12 hours^  
(ng of N/g of soil) 
59 
48 
59 
Ammonium N fixed 
in 12 hours ° Cug 
of N/g of soil) 
42 
32 
31 
10-g samples of soil treated with 4 mg of N as urea were 
incubated (30°C, 60^  WHC) in 8-oz French square bottles fitted 
with an aeration device having an acid trap for absorption of 
ammonia evolved. Nitrogen deficits reported were calculated 
from X-(P-Q), where X = amount of urea N added (400 ug of N/g 
of soil), P = amount of (urea + exchangeable ammonium + nitrate 
+ nitrite + ammonia)-N (^ g of N/g of soil) recovered after in­
cubation of urea-treated soil for 12 hours and Q = amount of 
(exchangeable ammonium + nitrate + nitrite + ammonia)-N (}ig of 
N/g of soil) recovered after incubation of control (no urea 
added) for 12 hours. 
1^0-g samples of soil treated with 1 ml of toluene and 
with 2 mg of ammonium N (as ammonium sulfate) were incubated 
(30°C, 60^  WHC) in stoppered 8-oz French square bottles for 
12 hours. Values reported represent added ammonium N not re­
covered by shaking incubated soil samples with 100 ml of 
2Ifi KCl for 1 hour. 
contributed significantly to the nitrogen deficits observed 
in our experiments because the incubation conditions in these 
experiments were fully aerobic and tests showed that nitrate 
added as KNO^  to the soils used (400 pg of nitrate N/g of 
soil) was recovered almost quantitatively (99-100?^ ) after 
incubation (30°C, 60% V/HC) of these soils for 14 or 28 days. 
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To summarize, the work reported indicates that the nitro­
gen deficits observed in studies of the fate of urea N in 
soils are not largely due to chemodenitrification and are at 
least partly due to volatilization and fixation of the 
ammonium formed by urea hydrolysis in soils. 
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SUMTJIARY AND CONCLUSIONS 
The effects of three patented nitrification inhibitors 
on transformations of urea N in soils were studied by deter­
mining the effects of these compounds (10 }ig/g of soil) on 
urea hydrolysis, ammonia volatilization, and ammonium, nitrite, 
and nitrate production in soils incubated under aerobic con­
ditions (30°C, 60% WHC) after treatment with urea (400 yg of 
urea N/g of soil). The inhibitors used (N-Serve, ATC, and 
CL-I58O) had little, if any, effect on urea hydrolysis, but 
they retarded nitrification of the ammonium formed by urea 
hydrolysis and increased gaseous loss of urea N as ammonia, 
and they decreased the amount of (urea + exchangeable ammonium 
+ nitrite + nitrate)-N found in urea-treated soils after vari­
ous times. 
Two of the soils used accumulated substantial amounts of 
nitrite (>160 jig of nitrite N/g of soil) when incubated under 
aerobic conditions after treatment with urea. Addition of 
nitrification inhibitors to these soils eliminated or sub­
stantially reduced nitrite accumulation and greatly retarded 
nitrate formation but had very little, if any, effect on the 
recovery of urea N as (urea + exchangeable ammonium + nitrite 
+ nitrate + ammonia)-N after various times. This finding and 
other observations reported indicate that the "nitrogen 
deficits" observed in studies of urea N transformations in 
soils are not largely due to gaseous loss of K through 
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chemodenitrification (i.e., via chemical decomposition of 
nitrite formed by nitrification of urea N) and are at least 
partly due to volatilization and fixation of the ammonium 
formed by urea hydrolysis in soils. 
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PART III. EFFECTS OF SUBSTITUTED £-BENZOQUINONES 
ON UREASE ACTIVITY IN SOILS^  
P^ortions of Part III have been accepted for publication 
in Soil Biology and Biochemistry. 
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INTRODUCTION 
World use of urea as a nitrogen fertilizer has increased 
steadily since 1955. and a continuation of this trend has been 
predicted (Cooke, 1969; Harre, Garman, and White, I97I). The 
growing importance of urea as a nitrogen fertilizer emphasizes 
the need to overcome the problems encountered in use of this 
fertilizer. These problems result largely from the rapid 
hydrolysis of urea to ammonium carbonate in most soils through 
soil urease activity and the concomitant rise in pH and libera­
tion of ammonia. They include damage to germinating seedlings 
and young plants, nitrite toxicity and gaseous loss of urea 
N as ammonia (see Gasser, 1964). 
One approach to reducing the problems associated with the 
use of urea as a fertilizer is to find compounds that will in­
hibit soil urease activity when applied to soils in conjunc­
tion with fertilizer urea, and several studies to evaluate 
various organic and inorganic compounds as soil urease in­
hibitors have been reported (Volk, 196I; Hyson, I963; Moe, 
1967; Tomlinson, 196?; Waid and Pugh, 196?; Anderson, 1969; 
Pugh and Waid, 1969a, 1969b; Sor, 1969; Bremner and Douglas, 
1971a). Bremner and Douglas (1971a) evaluated more than 100 
compounds as inhibitors of urease activity in soils, including 
compounds patented by Hyson (I963) and Anderson (I969). Their 
results indicated that, of the compounds thus far tested as 
soil urease inhibitors, 2,5-dimethyl-£-benzoquinone, 2,5-
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dichloro-£-ben2oquinone and Z.ô-dichloro-^ -benzoquinone are 
likely to prove the most effective for retardation of urea 
decomposition in soils and reduction of the problems caused 
by the normally rapid hydrolysis of fertilizer urea by soil 
urease. 
The purpose of the work reported here was to study the 
influence of different substituent groups on the effective­
ness of substituted jg-benzoquinones as inhibitors of urease 
activity in soils. Evidence that the effectiveness of sub­
stituted £-benzoquinones as soil urease inhibitors depends 
upon their substituent groups was provided by Bremner and 
Douglas's (1971a) finding that only three of the four sub­
stituted 2-benzoquinones studied in their work were highly 
effective as soil urease inhibitors (2,5-dihydroxy-£-
benzoquinone was relatively ineffective). 
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MATERIALS AND METHODS 
The soils used (Table 11) were surface (0-15 cm) samples 
of Iowa soils. Before use, they were air-dried and crushed 
to pass a 2-mm screen. The analyses reported in Table 11 
were performed as described by Bremner and Douglas (1971b). 
Methoxy-_2-benzoquinone, 2,6-dimethoxy-£-benzoquinone, 2, 
3-dichloro-5,6-dicyano-£-benzoquinone and tetrachloro-^ -
benzoquinone were provided by Dr. John M. Harkin, and 2,3-
dimethyl-2-benzoquinone, 2,5-di-t-butyl-£-benzoquinone, 3-
hydroxy-2-isopropyl-5-methyl-2-benzoquinone, 6-hydroxy-2-
isopropyl-5-methyl-£-benzoquinone, 3,6-dihydroxy-2-isopropyl-
5-methyl-£-benzoquinone, 2-methoxy-3,5-dimethyl-£-benzoquinone, 
2-methoxy-3,6- dime thy l-^ -benzoquinone, 2-me t hoxy-1 rime t hy 1-
2-benzoquinone, 2,5-dimethoxy-£-benzoquinone, tetramethoxy-
2-benzoquinone, 3-hydroxy-2,5-dimethyl-£-benzoquinone and 
2-hydroxy-3f6-diphenyl-2-benzoquinone were provided by 
Professor W. Flaig. The other substituted £-benzoquinones 
used were obtained from Aldrich Chemical Co., Milwaukee, 
Wisconsin, or Fisher Scientific Co., Chicago, Illinois. 
The effects of substituted £-benzoqxûnones on soil 
urease activity were studied by the 5-b.r incubation test 
described by Douglas and Bremner (1971)» This test involves 
determination of the effect of the test compound on the amount 
of urea hydrolyzed by incubation of 10-g samples of soils with 
1 ml of toluene and 10 ml of urea solution containing 10 mg of 
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Table 11. Analyses of soils 
No. 
Soil 
Type^  pH 
Organic 
carbon 
fo 
Clay Sand 
i" CEC^  
Urease 
activity 
1 Hayden sal 6.7 3.48 12 59 17 262 
2 Harps cl 7.6 5.02 34 24 38 212 
3 Webster cl 7.3 3.54 33 29 39 168 
4 Thurman sa 6.7 0.63 1 91 3 33 
a^l, sandy loam; cl, clay loam; sa, sand. 
C^ation-exchange capacity (meq/100 g of soil). 
of urea N hydrolyzed/g of soil/5 hr (Douglas and 
Bremner, 1971). 
urea N at 37°C for 5 hr, urea hydrolysis by soil urease being 
estimated by colorimetric determination of urea in the ex­
tracts obtained by treatment of the incubated soil samples 
with 2M KCl containing a urease inhibitor ( phenylmercuric 
acetate). 
To study the effects of selected substituted £-
benzoquinones on urea hydrolysis in soil and volatilization 
of urea N as ammonia, 10-g samples of Thurman soil (no. 4) 
were placed in 8-oz (ça. 250-ml) French square bottles and 
treated with 1 ml of a solution containing 10 mg of N as urea 
and with 1 ml of water or 1 ml of a solution containing 0.5 mg 
of the quinone under investigation. Water was then added to 
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bring the soil moisture content to 50 per cent of the water-
holding capacity (WHO), and the bottles were fitted with an 
aeration device having an acid trap for absorption of ammonia 
evolved on incubation of the soil samples (for a description 
of this device, see Bremner and Douglas, 1971b) and placed in 
an incubator maintained at 20°C and 55 per cent relative 
humidity. After 14 days, duplicate bottles were removed from 
the incubator, and ammonium in the acid traps and urea and 
exchangeable ammonium in the incubated samples were determined 
as described by Bremner and Douglas (1971b). Tests previously 
reported (Bremner and Douglas, 1971b) showed that the aeration 
device used in these experiments permitted incubation under 
aerobic conditions for 14 days without significant loss of 
water and that its acid trap effected quantitative recovery 
of ammonia evolved during incubation. 
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RESULTS AND DISCUSSION 
Table 12 shows the results obtained with the Hayden, 
Harps and Webster soils when the effects of 35 £-benzoquinones 
on soil urease activity were compared by the 5-hr incubation 
test described by Douglas and Bremner (1971). The data show 
that the effectiveness of substituted £-benzoquinones as soil 
urease inhibitors depends largely upon their substituent groups. 
It is difficult to generalize about the effects of different 
substituent groups, but it is clear that methyl-, chloro-, 
bromo- and fluoro-substituted £-benzoquinones usually have a 
marked effect on soil urease activity, whereas phenyl-, t-
butyl- and hydroxy-substituted £-benzoquinones have very little, 
if any, effect. It is also evident that the effects of 
methyl-, chloro-, bromo- or isopropyl-methyl-substituted £-
benzoquinones on soil urease activity are reduced or eliminated 
by the introduction of hydroxy groups into these compounds 
(compare the results with compounds 4 and 34, 20 and 28, 25 and 
27, and 8, 31, 32, and 33) and that the effects of methoxy-
substituted ^ -benzoquinones depend upon the number and position 
of the methoxy groups (compare the results with compounds 13-
16). It is noteworthy that £-benzoquinone was considerably 
more effective than most of the substituted jg-benzoquinones 
studied and that only methyl- or chloro-substituted £-
benzoquinones gave more than 50 per cent inhibition of soil 
urease activity under the conditions of the 5-hr test. 
Table 12, Effects of various quinones on soil urease activity 
Quinone^ " % inhibition of urease activity 
No. Name Soil 1 Soil 2 Soil 3 Ave re 
1 £-Benzoquinone 53 77 81 70 
2 Methyl-£-benzoquinone 52 61 48 54 
3 2,3-Dimethyl-£-benzoquinone 53 53 55 54 
4 2,5-Dimethyl-£-benzoquinone 30 27 26 28 
5 2,6-Dimethyl-£-benzoquinone 25 31 34 30 
6 Trimethyl-£-benzoquinone 0 0 0 0 
7 Tetramethyl-£-benzoquinone 0 0 0 0 
8 2-Isopropyl-5-inethyl-£-benzoquinone^  9 12 23 15 
9 2,5-Dl-t-butyl-£-benzoquinone 0 0 0 0 
10 2,6-Di-t-butyl-£-benzoquinone 0 0 0 0 
11 Phenyl-£-benzoquinone 0 0 0 0 
12 2,5-Diphenyl-£-benzoquinone 0 0 0 0 
13 Methoxy-£-benzoquinone 35 32 19 29 
14 2,5-Dimethoxy-£-benzoquinone 0 0 0 0 
15 2,6-DiTnethoxy-£-benzoquinone 10 8 12 10 
16 Tetrainethoxy-£-benzoquinone 0 0 0 0 
17 2-Methoxy-3» 5-dimethyl-£-benzoquinone 0 0 0 0 
R^ate of addition of each quinone was equivalent to $0 ppm of soil. 
T^hymoquinone. 
Table 12. (Continued) 
 ^inhibition of urease activity 
Soil 1 Soil 2 Soil 3 Average 
Quinone 
No. Name 
18 2-Methoxy-3 » 6-dlmethyl-£-benzoquinone 0 0 0 0 
19 2-Methoxy-trimethyl-£-benzoquinone 0 0 0 0 
20 2,5-Diohloro-£-benzoquinone 69 70 67 69 
21 2,6-Dichloro-£-benzoquinone 61 68 54 61 
22 Trichloro-E-benzoquinone 44 44 37 42 
23 Tetrachloro-£-benzoquinone 50 44 51 48 
24 2,3-Dichloro-5.6-dicyano-E-benzoquinone 16 7 9 11 
25 2,6-Dibromo-£-benzoquinone 32 38 47 39 
26 Tetrafluoro-£-benzoquinone 44 36 33 35 
27 2,5-Dibromo-3,6-dihydroxy-g-benzoquinone 0 0 0 0 
28 2,5-Diohloro-3,6-dihydroxy-jg-benzoquinone 0 0 0 0 
29 2, 5-I3ihydroxy-£-benzoquinone 0 2 3 2 
30 Tetrahydroxy-E-benzoquinone 0 0 0 0 
31 3-Hydroxy-2-i3opropyl-5-niethifl-E-benzoquinone 0 0 0 0 
32 6~Hydroxy-2-isopropyl-5~wethyl-£-benzoquinone 9 5 7 7 
33 3» 6-Dihydroxy-2-isopropyl-5-methyl-£-benzoquinone 0 0 0 0 
3^  3-Hydroxy-2,5-dimethyl-£-benzoquinone 0 0 0 0 
35 2-Hydroxy-3 » 6-diphenyl-je-benzoquinone 0 0 0 0 
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Bremner and Douglas (1971a) found that 2, dime thy 1-^ -
benzoguinone differed from other potent urease inhibitors 
(including 2,5-dichloro- and 2,6-dichloro-£-benzoquinone) in 
that its effect on soil urease activity increased markedly with 
increase in its time of contact with soil. This suggested that 
the 5-hr incubation test used for the comparison reported in 
Table 12 may underestimate the abilities of methyl-substituted 
2-benzoquinones to inhibit soil urease activity. To check 
this possibility, we studied the effects of incubating 10-g 
samples of Harps soil (no. 2) with 50 ppm of various sub­
stituted 2-benzoquinones for 7 and 14 days before assay of 
urease activity with urea and toluene as in the 5-h.r incubation 
test. The results (Table 13 ) showed that, whereas the in­
hibitory effects of most of the quinones tested decreased 
significantly with increase in time of incubation of quinone-
treated soil, the effects of methyl-substituted ^ -benzoquinones 
usually increased markedly with increase in incubation time. 
Table I3 also shows that the inhibitory effects of dimethyl-
substituted £-benzoquinones (nos. 3-5) after 14 days were 
greater than those of the other quinones studied and that the 
only substituted £-benzoquinones showing an inhibitory effect 
after 14 days were those containing methyl, chloro, fluoro, 
bromo, isopropyl, or methoxy groups. Of the nine quinones 
containing hydroxy groups (nos. 27-35). only the three con­
taining methyl and isopropyl groups (nos. 31-33) showed any 
inhibitory effect after 14 days. The influence of hydroxy 
Table I3. Effect on soil urease activity of incubating soil with various quinones 
for 7 and 14 days 
Quinone 
No. Name 
9^  inhibition of urease activity 
Time of incubation of soil 
with quinone (days) 
0 7 14 
1 £-B enzoquinone 77 60 50 
2 Me thyl-£-benzoquinone 61 57 54 
3 2,3-Dimethyl-£-benzoquinone 53 70 80 
2,5-Dimethyl-£-benzoquinone 27 75 82 
5 2,6-Dimethyl-£-benzoquinone 31 75 79 
6 Trimethyl-jg-benzoquinone 0 42 50 
7 Tetramethyl-£-benzoquinone 0 — — 36 
8 2-Isopropyl-5-methyl-£-benzoquinone^  12 53 64 
9 2,5-Di-t-butyl-£-benzoquinone 0 0 0 
10 2,6-Di-t-butyl-£-benzoquinone 0 0 0 
11 Phenyl-£-benzoquinone 0 0 
12 2,5-Diphenyl-£-benzoquinone 0 
— — 
0 
13 Methoxy-£-benzoquinone 32 30 12 
14 2,5-Dimethoxy-£-benzoquinone 0 0 0 
15 2,6-Dimethoxy-£-benzoquinone 8 3 0 
10-g samples of soil 2 treated with water or with water containing 500 |ig of 
quinone were incubated (30 C, 50^  V/HC) in stoppered 8-oz French square bottles for 
time specified. Urease activity in incubated samples was then assayed as described 
by Douglas and Bremner (1971). 
T^hymoquinone. 
Table 13. (Continued) 
jo inhibition of urease activity 
ni,4vir.v^ o Time of incubation of soil 
with quinone (days) 
No. Name 0 7 14 
16 Tetramethoxy-£-benzoquinone 0 0 0 
17 2-Methoxy-3 » 5-dimethy1-p-benzoquinone 0 39 51 
18 2-Methoxy-3,6-dimethyl-£-benzoquinone 0 49 65 
19 2-Methoxy-trimethyr-£-benzoquinone 0 — 50 
20 2,5-Dichloro-£-benzoquinone 70 66 63 
21 2,6-Dichloro-£-benzoquinone 68 58 55 
22 Trichloro-£-benzoquinone 44 15 4 
23 Tetrachloro-£-benzoquinone 44 21 9 
24 2,3-Dichloro-5.6-dicyano-£-benzoquinone 7 0 0 
25 2,6-Dibromo-£-benzoquinone 38 34 33 
26 Tetrafluoro-£-benzoquinone 36 33 19 
27 2,5-Dibromo-3 » 6-dihydroxy-£-benzoquinone 0 0 0 
28 2,5-Dichloro-3,6-dihydroxy-£-benzoquinone 0 0 0 
29 2,5-Dihydroxy-je-benzoquinone 2 0 0 
30 Tetrahydroxy-£-benzoquinone 0 0 0 
31 3-Hydroxy-2-i0opropyl-5-niethyl-j)-benzoquinone 0 10 25 
32 6-Hydroxy-2-i8opropyl-5-methyl-jg-benzoquinone 5 22 49 
33 3.6-Dihydroxy-2-isopropyl-5-inethyl-£-benzoquinone 0 — — 42 
34 3-Hydroxy-2,5-dimethyl-£-benzoquinone 0 0 0 
35 2-Hydroxy-3 » 6-diphenyl-^ -benzoquinone 0 0 0 
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groups on the effectiveness of substituted ^ -benzoquinones as 
soil urease inhibitors is very evident from comparison of the 
data for 2,5-dimethyl-£-benzoquinone (no. 4) and 3-hydroxy-2, 
5-dimethyl-£-benzoquinone (no. 3^ ) in Table 13. 
Bremner and Douglas (1971a) suggested that the increase 
in the effect of 2,5-dimethyl-£-benzoquinone on soil urease 
activity with increase in the time of contact of this compound 
with soil mi^ t be due to decomposition of 2,5-dimethyl-2-
benzoquinone by soil microorganisms with formation of a rela­
tively stable product that is more effective than the parent 
compound as a soil urease inhibitor. It is evident from 
Table I3, however, that all g-benzoquinones containing two or 
more methyl groups differ from those lacking methyl groups in 
that their effects on soil urease activity increase with in­
crease in their time of contact with soil, and it seems un­
likely that all of these methyl-substituted quinones decompose 
in soils with formation of more potent urease inhibitors. The 
only potential decomposition product of methyl-substituted 2-
benzoquinones shown to be an effective urease inhibitor is £-
benzoquinone, and Table 13 shows that the effect of this com­
pound on soil urease activity after 7 or 14 days is less than 
that of dimethyl-substituted ^ -benzoquonines. 
An alternative explanation of the influence of time of 
soil-quinone interaction on the results obtained with methyl-
substituted £-benzoquinones is that the process whereby sub­
stituted £-benzoquinones inactivate soil urease is much slower 
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with methyl-substituted £-benzoqxiinones than with other sub­
stituted £-benzoqxiinones. Support for this explanation is 
provided by Table 14, which shows the effects of treating 
Harps soil (no. 2) with selected quinones for short times 
(1-3 hr) before assay of soil urease activity. It is evident 
that the methyl-substituted £-benzoquinones differed from the 
other quinones studied in that their effects on soil urease 
activity increased markedly with increase in time of soil-
quinone interaction. Also, comparison of the data reported in 
Tables 13 and 14 shows that the effects of methyl-substituted 
£-benzoquinones on soil urease activity after 3 hr are similar 
to those observed after 7 days. 
Table 15 shows the results of a study of the effects of 
selected substituted £-benzoquinones on urea hydrolysis and 
volatilization of urea N as ammonia in a sandy soil (no. 4) 
treated with 1000 ppm of N as urea. It is evident that the 
methyl- and chloro-substituted £-benzoquinones had very marked 
effects on urea hydrolysis in this soil, whereas the hydroxy-
and phenyl-substituted £-benzoquinones had little, if any, 
effect (as anticipated from the work reported in Table 13). 
It is noteworthy that gaseous loss of urea N as ammonia from 
this soil in 14 days was reduced from 62.8 per cent to 0.1 per 
cent by addition of 50 Ppm of 2,3-dimethyl-, 2,5-dimethyl-, or 
2,6-dimethyl-£-benzoquinone (the rate of addition of these 
compounds was equivalent to 2.3 parts/100 parts of urea). 
Considered with the findings of Bremner and Douglas 
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Table i4. Effect on soil urease activity of incubating soil 
with selected quinones for 1, 2 and 3 hours^  
fo inhibition of urease 
activity 
Time of incubation of soil 
with quinone (hr) 
Quinone 0 1 2 3 
£-Benzoquinone 77 77 77 77 
2,6-Dibromo-£-benzoquinone 38 38 38 37 
2,5-Dichloro-£-benzoquinone 70 70 69 69 
T etrafluoro-2-benzo quinone 36 36 35 35 
Methoxy-^ -benzoquinone 32 32 32 32 
2-Isopropyl-5-methyl-£-benzoquinone 12 39 47 51 
2,3-Dime thy 1-2-benzo quinone 53 57 60 63 
2,5-Dimethyl-£-benzoquinone 27 47 60 72 
2,6-Dimethyl-£-benzoquinone 31 47 57 70 
10-g samples of soil 2 treated with water or with water 
containing 500 jug of quinone were incubated (30°C, ^ 0^  WHO) 
in stoppered 8-oz French square bottles for time specified. 
Urease activity in incubated samples was then assayed as de­
scribed by Douglas and Bremner (1971). 
(1971a), the results of this work indicate that, of the vari­
ous compounds thus far proposed as soil urease inhibitors, 
2,3-dimethyl-, 2,dimethyl- and 2,é-dimethyl-^ -benzoquinone 
are likely to prove the most effective for retardation of urea 
decomposition in soils and reduction of the problems caused by 
the normally rapid hydrolysis of fertilizer urea by soil 
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Table 15. Effects of selected quinones on recovery of urea N 
as urea, exchangeable ammonium and ammonia after 
incubation of urea-treated soil for 14 days^  
Recovery of urea N, ^  
Quinone As urea As EA^  As ammonia 
None 0 32.8 62.8 
£-Benzoquinone 75.5 17.9 2.4 
Methyl-D-benzoquinone 87.0 9.5 0.5 
2,3-Dimethyl-£-benzoquinone 90.5 6.5 0.1 
2,5-Dimethyl-£-benzoquinone 90.5 6.6 0.1 
2,6-Dimethyl-£-benzoquinone 89.5 7.5 0.1 
2,5-Dichloro-£-benzoquinone 77.8 15.0 2.4 
2, o-Dichloro-p-benzoquinone 76.0 17.8 1.9 
2,5-Dihydroxy-£-benzoquinone 0 32.8 62.0 
Tetrahydroxy-£-benzoquinone 0 33.5 62.6 
2,5-Diphenyl-2-benzoquinone 0 36.5 59.4 
2,5-jDibromo-3,6-dihydroxy-£-
benzoquinone 0 31.9 63.3 
10-g samples of soil 4 were incubated (20 C, WHO) 
for 14 days after treatment with 1,000 ppm of N as urea and 
50 ppm of quinone specified. 
E^A, exchangeable ammonium. 
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urease. However, data in Tables 13 and 15 showing that these 
methyl-substituted ^ -benzoquinones are not much more effective 
than their parent compound (g-benzoquinone), which is relative­
ly inexpensive, suggest that £-benzoquinone may have the great­
est practical potential as a fertilizer amendment for inhibi­
tion of soil urease activity. 
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SUmiARY AND CONCLUSIONS 
The effectiveness of substituted ^ -benzoquinones as in­
hibitors of urease activity in soils depends largely upon their 
substituent groups. Methyl-, chloro-, bromo- and fluoro-
substituted ^ -benzoquinones have a marked inhibitory effect 
on soil urease activity, whereas phenyl-, t-butyl- and hydroxy-
substituted ^ -benzoquinones have little, if any, effect. 
Methyl-substituted ^ -^ enzoquinones differ from other substi­
tuted £-benzoquinones in that their effects on soil urease 
activity usually increase markedly with increase in their time 
of contact with soil. 
A study of the effects of selected substituted £-
benzoquinones on urea hydrolysis and voLatilization of urea N 
as ammonia in a sandy soil treated with urea showed that 
methyl- and chloro-substituted p-benzoquinones had very marked 
effects, whereas hydroxy- and phenyl-substituted £-benzoqui-
nones had little or no effect. Gaseous loss of urea N as 
ammonia when this soil was incubated at 20°C for 14 days was 
reduced from 62.8 per cent to 0.1 per cent by addition of 2,3-
dimethyl-, 2,dimethyl- or 2,6-dimethyl-£-benzoquinone (2.3 
parts/100 parts of urea). 
The work reported indicates that, of the 3^  substituted 
2-benzoquinones studied, 2,3-dimethyl-, 2,5-dimethyl- and 2,6-
dimethyl-jg-benzoquinone are likely to prove the most effective 
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for retardation of urea decomposition in soils and reduction 
of the problems caused by the normally rapid hydrolysis of 
fertilizer urea by soil urease. 
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PART IV. EFFECTS OF UREASE INHIBITORS ON 
NITRIFICATION IN SOILS^  
"Portions of Part IV have been accepted for publication 
in Soil Biology and Biochemistry. 
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INTRODUCTION 
The growing importance of urea as a nitrogen fertilizer 
in world agriculture has stimulated research to find compounds 
that will retard hydrolysis of fertilizer urea by soil urease 
and thereby reduce the problems encountered in use of this 
fertilizer (see Moe, 196?; Tomlinson, 196?; Waid and Pugh, 
1967; Anderson, 1969; Pugh and Waid, 1969a, 1969b; Sor, 1969; 
Bremner and Douglas, 1971a, 1973; Bundy and Bremner, 1973c). 
This research has shown that several compounds (notably certain 
quinones and polyhydric phenols) can retard the conversion of 
urea to ammonium by soil urease, but no studies of the effects 
of these compounds on the conversion of ammonium to nitrate 
by the nitrifying microorganisms in soils have been reported. 
Such studies are essential for assessment of the potential 
value of compounds proposed as soil urease inhibitors because 
compounds that can inhibit both urea hydrolysis and nitrifica­
tion in soils have obvious potential for reduction of the con­
tribution of fertilizer urea to nitrate enrichment of water 
resources. 
In the work reported here, the effects of ten urease in­
hibitors on nitrification in soils were determined and compared 
with those of three compounds patented as soil nitrification 
inhibitors (N-Serve, AM and ST). The urease inhibitors used 
(catechol, hydroquinone, £-benzoquinone, 2,3-dimethyl-£-
benzoquinone, 2,5-dimethyl-jg-benzoquinone, 2,6-dimethyl-£-
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benzoquinone, 2,5-dichloro-2-benzoquinone, 2,6-dichloro-£-
benzoquinone, sodium £-chloromercuribenzoate and phenylmercuric 
acetate) were those found most effective in recent work to 
evaluate more than I30 compounds as inhibitors of urease 
activity in soils (Bremner and Douglas, 1971a; Bundy and 
Bremner, 1973c). 
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MATERIALS AND METHODS 
The soils used (Table 16) were surface (O-I5 cm) samples 
of Iowa soils. Before use, they were air-dried and crushed 
to pass a 2-inm screen. The analyses reported in Table 16 
were performed as described by Bremner and Douglas (1971b). 
2-Chlcro-6-(trichlor-omethyl)-pyridine (N-Serve) was ob­
tained from Dow Chemical Co., Midland, Michigan; 2-amino-4-
chloro-6-methyl-pyrimidine (AM) from Toyo Koatsu Industries, 
Inc., Tokyo ; sulfathiazole (ST) from Sigma Chemical Co., St. 
Louis, Missouri; and sodium £-chloromercuribenzoate from 
Calbiochem, La Jolla, California. All other compounds used 
were obtained from Fisher Scientific Co., Chicago, Illinois. 
The following procedure was used to study the effects of 
different compounds on nitrification in soils. Ten-gram 
samples of soil were placed in 8-02 (ça. 250-ml) French square 
bottles and treated with 1 ml of a solution containing 2 mg of 
ammonium N (as ammonium sulfate) and with 2 ml of water or 2 ml 
of water containing 100 or 50O pg of the compound under in­
vestigation. Water was then added to bring the soil moisture 
content to 60 per cent of the water-holding capacity (WHC), and 
the bottles were fitted with aluminum foil caps having a 1-mm 
diameter central hole and placed in an incubator maintained 
at 30°C and 90 per cent r.h. After 14 days, duplicate bottles 
were removed from the incubator, and their contents were 
analyzed for ammonium N and (nitrate + nitrite )-N as described 
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Table 16. Analyses of soils 
, Organic Total 
Soil type pH CEC carbon nitrogen Sand Clay 
Harps cl 7.6 38 5.02 0.405 24 34 
Webster cl 7.3 39 3.54 0.272 29 33 
Storden sad 7.2 18 1.65 0.135 55 21 
C^l, clay loam; sad, sandy clay loam. 
C^ation-exchange capacity (meq/100 g of soil). 
by Bremner and Keeney (I966) and for nitrite N by a modified 
Griess-Ilosvay method (Bremner, I965). The amount of (nitrate 
+ nitrite)-N produced on incubation was calculated from the re­
sults of analyses for (nitrate + nitrite)-N before and after 
incubation, and the percentage inhibition of nitrification by 
the test compound was calculated from (C-S)/C x 100, where S = 
amount of (nitrate + nitrite)-N produced in the soil sample 
treated with the test compound and C = amount of nitrate + 
nitrite)-N produced in the control (no test compound added). 
Preliminary work showed that soil samples incubated as 
described did not lose more than 0.2 g of water in 14 days and 
that, when no urease or nitrification inhibitor was added, the 
three soils used nitrified ammonium rapidly under the condi­
tions adopted for incubation (no ammonium could be detected 
after incubation of these soils with 200 parts/10^  of ammonium 
N for 14 days). 
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RESULTS AND DISCUSSION 
Table 17 shows that most of the urease inhibitors studied 
had little effect on nitrification in ammonium-treated soils 
when applied at the rate of 10 }xg/s of soil but had marked 
inhibitory effects when applied at the rate of 50 P-ë/ë of soil. 
None of the urease inhibitors tested inhibited nitrification 
as effectively as N-Serve, but phenylmercuric acetate was a 
more effective nitrification inhibitor than AM or ST when 
applied at the rate of 10 pg/g of soil and greatly inhibited 
nitrification when applied at the rate of 50 pg/g of soil. 
It is noteworthy that 2,5-dimethyl-2-benzoquinone and 2,6-
dimethyl-2-benzoquinone also had a very marked effect on 
nitrification when applied at the rate of 50 pg/g of soil be­
cause previous work (Bremner and Douglas, 1971a, 1973; Bundy 
and Bremner, 1973c) indicates that these quinones are the most 
effective of the compounds thus far evaluated as soil urease 
inhibitors. 
Most of the incubated soil samples contained only trace 
amounts of nitrite, but appreciable amounts of nitrite (>5 Jig 
of nitrite N/g of soil) were detected in incubated samples of 
the Harps soil. The properties of the Harps soil (pH 7.6, 
10.2^ 5 CaCO^ ) are similar to those of soils found by Morrill 
and Dawson (I967) to accumulate nitrite when perfused with 
ammonium sulfate solution. 
Previous work in our laboratory showed that the effective-
Table 1?. Effects of various compounds on nitrification in 
soils^  
Amount of 
compound added 
Compound of soil) 
None 0 
Catechol^  10 
50 
Hydro quinone^  10 
50 
£-Benzoquinone^  10 
50 
2,3-Dimethyl-£-benzoquinone^  10 
50 
2,5-Dimethyl-£-benzoquinone^  10 
50 
2,6-Dimethyl-£-benzoquinone^  10 
50 
2,5-Dichloro-£-benzoquinone^  10 
50 
2,6-Dichloro-2-benzoquinone^  10 
50 
Phenylmercuric acetate^  10 
50 
Sodium £-chloromercuriben2oate^  10 
50 
2-Chloro-6-(trichloromethyl)-pyridine (N-Serve)^  10 
2-Amino-4'-chloro-6-methy 1-pyrimidine (AM)^  10 
Sulfathiazole (ST)® 10 
o^il samples treated with ammonium sulfate (200 jig of 
ammonium N/g of soil) and with compound specified (10 jzg or 
50 jig/g of soil) were incubated (60^  WHO) at 30®C for 14 days. 
U^rease inhibitor. 
N^itrification inhibitor. 
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(Nitrate + nitrite)-N 
produced in 14 days 
(ug/g of soil) jo inhibition of nitrification 
Harps 
soil 
V/ebster 
soil 
Storden 
soil 
Harps 
soil 
Webster 
soil 
Storden 
soil Average 
177 164 162 ^Bi a — — 
172 164 153 3 0 5 4 
170 151 130 4 8 20 11 
174 153 144 2 7 11 7 
170 76 47 4 54 71 43 
178 157 148 0 4 8 4 
173 72 37 3 56 77 45 
176 161 149 1 2 8 4 
173 93 45 3 43 72 39 
174 148 134 2 10 17 10 
124 28 7 30 83 96 70 
176 155 141 1 6 13 7 
129 22 9 27 87 94 69 
174 158 150 2 4 7 4 
173 112 78 3 32 52 29 
174 159 136 2 3 16 7 
172 101 87 3 38 46 29 
174 107 40 2 35 69 35 
21 22 8 88 86 95 90 
172 150 108 3 9 33 15 
168 112 49 5 32 70 36 
55 33 6 69 85 96 83 
176 123 42 1 25 68 31 
176 125 97 1 24 40 22 
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ness of N-Serve, AM, ST, and other compounds proposed as in­
hibitors of nitrification in soil depends greatly upon the 
soil studied and that these compounds are most effective with 
light-textured soils (Bundy and Bremner, 1973a). Table 17 
shows that soil type has a similar influence on the effective­
ness of urease inhibitors as inhibitors of nitrification in 
soils (all compounds tested were more effective with the light-
textured Storden soil than with the Harps or Webster soil). 
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SUMMARY AND CONCLUSIONS 
The effects of ten urease inhibitors on nitrification in 
soils were studied by determining the effects of 10 and 50 
parts/10^  (soil basis) of each inhibitor on the amounts of ni­
trate and nitrite produced when soils treated with ammonium 
sulfate (200 of ammonium N/g of soil) were incubated (30°C) 
under aerobic conditions for 14 days. The urease inhibitors 
used (catechol, hydroquinone, ^ -benzoquinone, 2,3-dimethyl-2-
benzoquinone, 2,5-dimethyl-£-benzoquinone, 2,6-dimethy1-2-
benzoquinone, 2,5-dichloro-£-benzoquinone, 2,6-dichloro-£-
benzoquinone, sodium £-chloromercuribenzoate and phenylmercuric 
acetate) were those found most effective in previous work to 
evaluate more than 130 compounds as soil urease inhibitors. 
Their effects on nitrification were compared with those of 
three compounds patented as soil nitrification inhibitors 
(N-Serve, AM, and ST). 
Most of the urease inhibitors studied had little effect on 
nitrification when applied at the rate of 10 pg/g of soil, but 
had marked inhibitory effects when applied at the rate of 50 
g of soil. None inhibited nitrification as effectively as N-
Serve, but phenylmercuric acetate inhibited nitrification more 
effectively than did AM or ST when applied at the rate of 10 
us/ë of soil. Phenylmercuric acetate, 2,5-dimethyl-£-benzoqui-
none and 2,6-dimethyl-£-benzoquinone had very marked effects on 
nitrification when applied at the rate of 50 of soil. 
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